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a reaction requiring ATP hydrolysis. Subsequently, Mfd11th and Mechanic Streets
recruits the excision nuclease to the lesion site (SelbyGalveston, Texas 77555
and Sancar, 1993). In humans, mutations in the Cock-
ayne syndrome (CS) genes, CSA and CSB, abolish TCR
of UV-damaged DNA (Venema et al., 1990; van HoffenSummary
et al., 1993). CSA, a WD repeat protein (Henning et al.,
1995), could have a regulatory role in TCR, whereas CSB,In addition to xeroderma pigmentosum, mutations in
a DNA-dependent ATPase (Selby and Sancar, 1997b),the human XPG gene cause early onset Cockayne syn-
could act in this process in a manner analogous to Mfd.drome (CS). Here, we provide evidence for the involve-
Because of a defect in the TCR of UV lesions, CSment of RAD2, the S. cerevisiae counterpart of XPG,
individuals exhibit mild sun sensitivity; however, theyin promoting efficient RNA polymerase II transcription.
do not suffer from the high incidence of skin cancersInactivation of RAD26, the S. cerevisiae counterpart
so characteristic of XP patients. Growth is severely re-of the human CSB gene, also causes a deficiency in
tarded in CS patients with the outward appearance oftranscription, and a synergistic decline in transcription
cachetic dwarfism. In addition, CS individuals sufferoccurs in the absence of both the RAD2 and RAD26
from impaired neurological development and mental re-genes. Growth is also retarded in the rad2 and
tardation. The mean age of death in CS is 12 yearsrad26 single mutant strains, and a very severe growth
(Nance and Berry, 1992). Mutations in the CSA and CSBinhibition is seen in the rad2 rad26 double mutant.
genes account for 90% of CS patients, and mutationsFrom these and other observations presented here, we
in the XPB, XPD, and XPG genes account for the re-suggest that transcriptional defects are the underlying
maining CS cases (Hanawalt, 2000).cause of CS.
The basis for the growth and neurological defects in
CS has remained unclear thus far. While the CS syn-Introduction
drome in individuals with mutations in the XPB and XPD
genes might arise from a defect in transcription initiationNucleotide excision repair (NER) in eukaryotes is a com-
because of the lack of any evidence linking XPG to aplex process requiring as many as 30 proteins. In hu-
role in transcription, the transcriptional defect modelmans, a defect in NER causes xeroderma pigmentosum
(Bootsma and Hoeijmakers, 1993; Qiu et al., 1993) has
characterized by extreme sun sensitivity, abnormal pig-
been found inadequate to account for the association
mentation, and a high incidence of skin cancers, particu-
of CS with mutations in the XPG gene. Recently, based
larly in sun-exposed areas. In humans, XPA, XPC- upon the observations that TCR of two oxidative lesions
HR23B, ERCC1-XPF, XPG, TFIIH, and replication protein (thymine glycol and 8-oxoguanine) requires CSB, XPB,
A (RPA) mediate the dual incision of UV-damaged DNA. XPD, and XPG and that mutations in the XPB, XPD, and
Of these proteins, XPA, XPC-HR23B, and RPA function XPG genes that cause CS also block the TCR of these
in the recognition of DNA lesions. TFIIH, an essential lesions, defective TCR of these oxidative lesions has
RNA polymerase II (Pol II) transcription factor, contains been proposed to be the underlying cause of CS (Cooper
the two DNA helicases XPB and XPD, which act to open et al., 1997; Le Page et al., 2000). Implicit in this proposal
the DNA helix during both transcription initiation and is the assumption that endogenous levels of thymine
NER. Following the unwinding of duplex DNA, the dam- glycol and 8-oxoguanine lesions reach such high levels
aged DNA strand is acted upon by the structure-specific that they cause a significant inhibition of transcription,
endonucleases XPG and ERCC1-XPF, which cleave this which then causes the severe growth and develop-
strand on the 3 and the 5 sides of the lesion, respec- mental defects of CS.
tively, resulting in the release of an30 nucleotide frag- Since the lack of any evidence for the involvement of
ment containing the DNA lesion. The gap is subse- XPG in transcription has been the biggest hurdle to the
quently filled in by replicative DNA synthesis (Sancar, acceptance of the notion that transcriptional defects are
1996; Prakash and Prakash, 2000). the underlying cause of CS, here we utilize the yeast
Even though UV lesions block transcription, UV dam- S. cerevisiae to examine the role of RAD2, the yeast
age from the transcribed DNA strand is removed at a counterpart of XPG, in transcription. The NER system
faster rate than from the nontranscribed strand. This is highly conserved among eukaryotes from yeast to
phenomenon, known as transcription-coupled repair humans, and a combination of Rad14, Rad4-Rad23,
(TCR; Mellon et al., 1987), requires the participation of RPA, TFIIH, Rad1-Rad10, and Rad2 proteins (which are
the respective counterparts of human XPA, XPC-
HR23B, RPA, TFIIH, XPF-ERCC1, and XPG) mediates1Correspondence: sprakash@scms.utmb.edu
the dual incision of UV-damaged DNA, resulting in the2 Present address: WonKwang University, Iksan, Chonbuk 570-749,
South Korea. release of an 30 nt lesion-containing DNA fragment.
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Similar to their human counterparts, the yeast Rad14 also examined GAL7 and GAL10 transcription in the
rad1 and the rad14 mutants, which, like the rad2and Rad4-Rad23 proteins act at the damage recognition
step, and the Rad3 and Rad25 DNA helicases, present mutant, are totally defective in NER (Prakash and Pra-
kash, 2000). Whereas GAL7 and GAL10 mRNAs werein TFIIH and which are the yeast counterparts of human
XPD and XPB proteins, respectively, promote the open- as efficiently induced in the rad1 and rad14 strains
as in the wild-type strain, the levels of GAL10 mRNAing of the duplex DNA for dual incision by the Rad1-
Rad10 and Rad2 nucleases on the 5 and 3 sides of were lower in the rad2 and rad26 strains than in the
wild-type or the rad1 and rad14mutant strains (Figurethe lesion, respectively (for review, see Sancar, 1996;
Prakash and Prakash, 2000). As in humans, the TCR of 1). The levels of GAL7 mRNA were also reduced in the
rad2 and rad26 strains, but only at the earlier timeUV-damaged DNA in S. cerevisiae requires, in addition
to the above-noted NER proteins, the Rad26 protein, points (Figure 1). The most severe reduction in transcrip-
tion occurred in the rad2 rad26 double-mutant strain,which is the yeast counterpart of human CSB protein
(van Gool et al., 1994), and like CSB, Rad26 is a DNA- where GAL7 mRNA levels were greatly diminished and
GAL10 transcription was almost blocked (Figure 1). Independent ATPase (Guzder et al., 1996).
Purified CSB protein stimulates the rate of elongation striking contrast, the rad1 rad26 and rad14 rad26
strains exhibited the same levels and patterns of GALby RNA polymerase II (Pol II) on oligo(dC)-tailed DNA
template in the absence of other transcription factors gene induction as the rad26 strain (data not shown).
The decline in transcription in the rad2 strain, thus, is(Selby and Sancar, 1997a), and recently we have pro-
vided evidence for the involvement of the yeast RAD26 specific to a defect in RAD2 and is not a general property
of NER-defective mutants.gene in Pol II-dependent transcription in vivo (Lee et al.,
2001). Here, we provide evidence for the involvement
of RAD2 in Pol II-dependent transcription. Interestingly, Synergistic Enhancement of Growth Defects
we find that both transcription and growth are more in the rad2 rad26 Mutant
severely inhibited in the rad2 rad26 double mutant Although neither the rad2 or rad26 mutation has a
than in the rad2 and rad26 single mutants. These discernible effect on growth in rich YPD medium, we
results indicate that RAD2 and RAD26 provide alternate found that growth of the rad2 rad26 double-mutant
means for efficient transcription, and further, they impli- strain is considerably retarded even in this medium (Fig-
cate transcriptional defects as the underlying cause of ure 2A). We further investigated the growth characteris-
growth impairment that occurs in the rad2, rad26, tics of the rad2, rad26, and rad2 rad26 mutant
and rad2 rad26 mutant strains under conditions that cells by transferring them from glucose (YPD) to lactate
would require the synthesis of new mRNAs. From these (YPL) medium at 30C. Because adaptation to a new
studies, we infer that CS is likely a transcription syn- carbon source would entail the synthesis of new pro-
drome and that growth and developmental defects in teins, the growth impairment in these mutant strains
CS could result from defects in transcription. might become more apparent in YPL medium. While the
rad2 and rad26 mutant strains grow at a somewhat
slower rate in YPL medium than the wild-type strain, theResults
rad2 rad26double-mutant strain showed no evidence
of growth upon transfer to this medium (Figure 2B). ByEffect of rad2 Mutation on Galactose-Inducible
contrast, the rad1 and rad14 mutations had no ad-Synthesis of GAL7 and GAL10 mRNAs
verse effect on growth in YPD or YPL media (FigureSince CS patients are viable and the rad2 or rad26
2), and when combined with the rad26 mutation, themutants display no obvious growth defects when yeast
double mutants grew at the same rate as the rad26cells are grown in rich nutritional conditions (YPD me-
strain (data not shown). Thus, as for transcription, thedium), we expected the transcriptional defects in the
growth defects conferred upon yeast cells by the rad2absence of RAD2 or RAD26 function to be subtle. To
mutation are specific to RAD2 and are not a generalbe able to discern any such changes in transcription,
feature of an NER defect.we examined the mRNA levels of genes in a state of
high transcriptional activity, because any transcriptional
deficiency might become more apparent then. We also Inhibition of Transcription in 6AU-Treated
rad2 Cellsreasoned that if the RAD2 and RAD26 genes provided
alternate means for efficient transcription, then a more 6-azauracil (6AU) inhibits enzymes in the nucleotide me-
tabolism pathway and leads to a depletion of the RNAsevere inhibition of transcription would occur upon the
simultaneous inactivation of both these genes. precursors GTP and UTP in yeast cells (Exinger and
Lacroute, 1992). Because of the nucleotide depletion,To examine the inducible synthesis of GAL7 and
GAL10 mRNAs, yeast cells were transferred to galactose Pol II’s elongation rate is slowed and it suffers more
arrest in 6AU-treated cells. Elongation factor TFIIS en-medium and mRNA levels were determined for the wild-
type, rad2, rad26, and rad2 rad26 strains. NER is ables Pol II to transcribe through intrinsic arrest sites in
DNA (Reines, 1994), and yeast cells lacking the DST1a very versatile DNA repair pathway, and in addition to
the removal of UV lesions, it functions in the removal of gene, which encodes TFIIS, exhibit increased sensitivity
to 6AU (Nakanishi et al., 1995). Conditional mutationsabasic sites and a variety of other types of DNA lesions
(Huang et al., 1994; Reardon et al., 1997; Torres-Ramos in RPB2, the yeast gene encoding the second largest
subunit of Pol II, also confer a 6AU-sensitive phenotypeet al., 2000). To ascertain that any defect in transcription
in the rad2mutant was specific to the absence of RAD2 and a transcription elongation defect in vitro (Powell and
Reines, 1996). Yeast cells that lack TFIIS and additionallyfunction and not due to a general defect in NER, we
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Figure 1. Transcription of GAL7 and GAL10
Genes in Wild-Type and rad Mutant Strains
Total RNA from cells grown in YPL medium
containing galactose was subjected to North-
ern analysis.
(A) Transcript levels of GAL7 (top), and GAL10
(middle) genes. The ethidium bromide-
stained gel shown in the bottom panel indi-
cates the levels of RNAs loaded. mRNA levels
were examined at the indicated times (in min-
utes) after transferring cells to the galactose-
containing medium.
(B) Quantitation of GAL7 (left) and GAL10
(right) mRNAs. mRNA units at each time point
are relative to the highest mRNA level in the
wild-type strain. Symbols: , wild-type; ,
rad1; H17009, rad14; , rad26; , rad2; ,
rad2 rad26.
harbor such a conditional mutation in RPB2 display re- mRNAs was induced to the same, or even somewhat
higher, levels in the rad1 and rad14 strains and fol-duced mRNA levels following 6AU treatment (Lennon et
al., 1998). lowed the same pattern as in the wild-type strain (Fig-
ures 3B and 3C), whereas the synthesis of these mRNAsTo examine the sensitivity to 6AU, yeast cells were
grown on plates containing synthetic complete (SC) me- was reduced in the rad2 and rad26 mutant strains.
For both the GAL7 and GAL10 genes, the mRNA levelsdium lacking uracil and either containing or not con-
taining 6AU. In the absence of 6AU, the rad1, rad14, were nearly the same in the rad2 and rad26 strains
for up to2 hr; thereafter, higher levels of mRNAs accu-rad26, rad2, and rad2 rad26 mutants grew nearly
as well as the wild-type strain (Figure 3A). In the pres- mulated in the rad26 strain than in the rad2 strain
(Figures 3B and 3C). These results, indicating a fasterence of 6AU, however, growth was severely retarded in
the rad2 mutant; the rad26 mutation also affected recovery of transcription in 6AU-treated rad26 cells
than in rad2 cells, are in accord with the more severegrowth somewhat, whereas in the rad2 rad26 double
mutant, growth was inhibited even more than in the growth inhibition of the rad2 strain than that of the
rad26 strain in the presence of 6AU (Figure 3A). A muchrad2 strain (Figure 3A).
Next, we examined the levels of GAL7 and GAL10 more drastic inhibition of transcription occurs in 6AU-
treated rad2 rad26 mutant cells than in the rad2 ormRNAs in 6AU-treated rad2, rad26, and rad2
rad26 mutants. The synthesis of GAL7 and GAL10 rad26 cells (Figures 3B and 3C), and the high degree
Cell
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Figure 2. Growth of Wild-Type and Mutant
Strains
Cells were grown on YPD plates and diluted
in YPL medium to an OD600 of 0.05. The culture
was incubated at 30C, and the cell density
was determined (OD600) at the indicated time
points. Symbols: , wild-type; , rad1; H17009,
rad14; , rad26; , rad2; , rad2
rad26.
of transcription inhibition in the rad2 rad26 strain also served sequence EAE*AQC in the I region. Mutation of
the E*791 residue to alanine in the human XPG proteinparallels the more severe growth defect of this strain in
inactivates the 3-cleavage activity of the protein duringthe presence of 6AU (Figure 3A).
NER, and UV resistance is not restored to XPG mutantA visual inspection of Figures 1A and 3B shows that
cell lines expressing the E791A form of XPG (Con-transcription is more adversely affected when the rad2,
stantinou et al., 1999). Although no XPG patients haverad26, and rad2 rad26 strains are grown in the pres-
been identified with the E791A mutation, a mutation ofence of 6AU (Figure 3B) than in its absence (Figure 1A).
the alanine792 residue to valine has been identified inIn Table 1, we compare the levels of GAL7 and GAL10
two XPG siblings, XP124LO and XP125LO. The A792VmRNAs in 6AU-treated and untreated rad2, rad26,
protein, however, retains some residual endonucleaseand rad2 rad26 cells relative to those in the wild-type
activity and the patients with this mutation exhibit anstrain treated similarly. In the absence of 6AU, at the 30
XP phenotype (Constantinou et al., 1999). Three XPGmin time point, the rad2 strain accumulated 70% as
patients, XPCS1LV, XPCS2LV, and 94RD27, sufferedmuch GAL7 mRNA and 45% as much GAL10 mRNA as
from severe early onset CS, and they died at 6.5 years,in the wild-type strain, and by 2 hr, the levels of these
20 months, and 7 months of age, respectively. ThesemRNAs in the rad2 strain rose to 90% of that seen
three XPG/CS patients manifested few clinical symp-in the wild-type strain. By contrast, in the rad2 cells
toms of XP, which is very likely due to their early death.grown in the presence of 6AU for 2 hr, the levels of GAL7
The CS causative mutations in these patients have beenand GAL10 mRNAs were reduced to 25% and 10%,
identified and they all produce truncated XPG proteinsrespectively, relative to the levels in wild-type cells.
(Nouspikel et al., 1997). In XPCS1LV, the XPG proteinThus, mRNA levels are much lower in the rad2 strain
is truncated after amino acid 659. The XPCS2LV cellsgrown in 6AU than in similarly treated wild-type cells.
carry two XPG mutant alleles, one of which truncatesThe GAL7 and GAL10 mRNAs also accumulate to lower
the protein after amino acid 659, while the other mutationlevels in 6AU-treated rad26 cells than in similarly
truncates the protein after amino acid 262. In 94RD27,treated wild-type cells. The rad2 rad26 strain displays
the XPG protein has a frameshift after amino acid 925,the most drastic inhibition of transcription upon 6AU
and another 55 amino acids unrelated to XPG are addedtreatment, where a synergistic reduction in mRNA levels
before the next in-frame stop codon (Figure 4A). Theseoccurs compared to that in the rad2 and rad26 single
and other observations have indicated that mutationsmutants.
that affect the catalytic activity of the XPG protein result
in XP but not in CS, whereas mutations that truncate
Transcription Is Impaired with a C-Terminal the protein cause severe CS and early death.
Truncation Mutation of RAD2, Analogous To provide further support to the notion that the
to an XPG/CS Mutation growth and developmental defects in XPG/CS patients
The human XPG and S. cerevisiae Rad2 proteins are result from transcriptional defects, we constructed a
members of a nuclease family that include the 5-nuclease C-terminal truncation mutation in RAD2 (rad2C) analo-
domains of E. coli DNA polymerase I and Thermus gous to the C-terminal truncation in XPG/CS patient
aquaticus (Taq) DNA polymerase, and this family also 94RD27. In this rad2C mutation, the last 209 amino
includes the human FEN-1 and S. cerevisiae Rad27 acids of the protein have been deleted, whereas in
(Rth1) proteins. All these proteins are structure-specific 94RD27, the last 261 residues of XPG are absent (Figure
endonucleases that cleave 5 flap structures in DNA 4A). We also changed the E794 residue in Rad2 to ala-
(Lyamichev et al., 1993; Harrington and Lieber, 1994; nine, and this mutation corresponds to the E791A muta-
Bambara et al., 1997). The NER enzymes XPG and Rad2 tion in XPG (Figure 4A). The rad2C and rad2 E794A
cleave, in addition, bubble structures (O’Donovan et al., mutant genes were used to replace the wild-type RAD2
1994; Habraken et al., 1995). All these nucleases pos- gene in the yeast genome.
sess two highly conserved regions, one toward the N Similar to the effects of the XPG E791A mutation, the
terminus (N) and the other in the internal region (I) (Figure rad2 E794A encoded protein is expected to be catalyti-
cally inactive and defective in the 3 incision of UV-4A). Both the XPG and Rad2 proteins contain the con-
Requirement of RAD2 for Transcription
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Figure 3. Inhibition of Growth and Transcription in 6AU-Treated rad2 Cells
(A) Growth of wild-type and mutant cells in the absence or presence of 6AU. Wild-type and mutant cells were grown on SC medium lacking
uracil in the absence of 6AU (top) or in the presence of 50 g 6AU/ml (bottom).
(B) Transcription of GAL7 and GAL10 genes in the presence of 6AU. Cells grown to log phase at 30C in SC medium containing 3% glycerol
and 2% lactate and lacking uracil were harvested and resuspended in the identical fresh medium with 100 g 6AU/ml. After incubation in
6AU for 2 hr at 30C, galactose was added to reach a final concentration of 2%. Samples were removed at the indicated time points after
the addition of galactose, and GAL7 (top) and GAL10 (middle) mRNA levels were examined. The ethidium bromide-stained gel shown in the
bottom panel indicates the levels of RNAs loaded. The time points indicate the period, in minutes, after the addition of galactose to the
medium.
(C) Quantitation of GAL7 (top) and GAL10 (bottom) mRNAs in the presence of 6AU. mRNA units at each time point are relative to the highest
mRNA level in the rad14 strain. Symbols: , wild-type; , rad1; H17009, rad14; , rad26; , rad2; , rad2 rad26.
damaged DNA. This protein, however, should be fully though the rad2 E794A mutant is expected to have no
3 incision activity, its higher UV resistance than that ofactive in transcription, as the 3-incision activity is es-
sential for NER but unlikely to have any role in transcrip- the rad2 strain suggests that this mutant protein can
still promote some removal of UV lesions. Consistenttion. By contrast, if the CS symptoms in XPG/CS patients
resulted from defects in transcription, then we expect with this, introduction of the XPG E791A mutant allele
into XPG mutant cells confers some increase in UV resis-the rad2C mutation to impair this process. Figure 4B
shows the UV sensitivity of these rad2 mutants. Al- tance (Constantinou et al., 1999). Biochemical studies
with the XPG E791A mutant protein have shown thatthough neither of these mutations confers as much UV
sensitivity as the rad2 mutation, the rad2C mutant although this protein is devoid of any 3-incision activity
during NER, 5-incisions still occur normally in its pres-displays a lower degree of UV sensitivity than the rad2
E794A mutant, particularly at high UV doses. Even ence (Constantinou et al., 1999). The residual repair ac-
Cell
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Table 1. Levels of GAL7 and GAL10 mRNA in rad2, rad26, and rad2 rad26 Mutant Strains in the Absence () and Presence () of 6AUa
mRNA Time (min)b rad2 rad26 rad2 rad26
GAL7 6AU 6AU 6AU 6AU 6AU 6AU
0 0 0 0 0 0 0
30 71 82 66 70 45 15
60 100 50 102 44 43 9
90 93 29 80 29 30 6
120 91 27 92 40 25 4
GAL10
0 0 0 0 0 0 0
30 46 84 32 75 18 12
60 75 35 64 43 23 5
90 87 12 62 21 20 2
120 88 9 64 25 17 1
a mRNA levels in the mutant strains are given relative to the mRNA levels in the wild type strain treated similarly, times 100.
b Time point of sample removal.
tivity in XPG E791A, and also in rad2 E794A, may then rad2 mutant strains treated with 6AU. Following 6AU
treatment, steady-state levels of mRNAs made by genesresult from the removal of the 5-incised DNA strand by
the action of nucleases such as FEN1/Rad27 and other involved in amino acid biosynthesis decline in the elon-
gation-defective dst1 rpb2-10 double mutant, whereasmembers of this nuclease family.
To determine the effect of rad2C and rad2E794A wild-type cells maintain near normal levels of these
mRNAs (Lennon et al., 1998). In contrast to wild-typemutations on transcription, first we examined their 6AU
sensitivity. As shown in Figure 5A, in the presence of cells, where steady-state levels of TRP3 mRNA re-
mained almost unchanged following treatment with 6AU6AU, growth is impaired in the rad2C mutant similar
to that in the rad2 mutant, whereas there was little, if for up to 1 hr, TRP3 mRNA levels declined by about
50% in the 1 hr sample from 6AU-treated rad2C cells,any, effect on growth in rad2 E794A mutant cells. Next,
we examined the steady-state levels of various mRNAs and the decline in this strain was similar to that in the
rad2 strain. No such reduction in mRNA levels, how-in the wild-type strain, and in rad2 E794A, rad2C, and
Figure 4. rad2 Mutations (A) Schematic Rep-
resentation of Mutations in the XPG and Rad2
Proteins.
Arrows indicate the location of mutations in
XPG where the protein terminates in three
XPG/CS cases. N and I indicate the highly
conserved N-terminal and Internal regions.
The EAE*AQC sequence is identical in the XPG
and Rad2 proteins and the E* residue in this
sequence corresponds to the E791 residue
in XPG and the E794 residue in Rad2. In the
rad2C mutation, the last 209 amino acids of
the Rad2 protein have been deleted.
(B) UV sensitivity of wild-type and rad2 mu-
tant strains. Survival curves represent an av-
erage of three experiments. Symbols:, wild-
type; , rad2; , rad2 E794A; , rad2C.
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Figure 5. 6AU Inhibits Growth and Transcription in the rad2C Mutant but Not in the rad2 E794A Mutant
(A) Growth on 6AU. Wild-type, rad2, rad2C, and rad2 E794A cells were grown on YPD plates and then diluted and plated on SC medium
lacking uracil in the absence (6AU) or presence (6AU) of 50 g 6AU/ml. The schematic on the right indicates the position of strains on the
plate.
(B) Steady-state mRNA levels of TRP3, PUR5, and STE3 in wild-type and rad2 mutants treated with 6AU. Cells grown to log phase at 30C
in SC medium lacking uracil were diluted in identical fresh medium to an OD600 of 0.5, and 6AU was added immediately to reach a final
concentration of 75 g/ml. Samples were removed at the indicated time points after the addition of 6AU. The ethidium bromide-stained gel
shown in the bottom right panel indicates the levels of RNAs loaded.
(C) Quantitation of TRP3, PUR5, and STE3 mRNAs in the presence of 6AU. mRNA units at each time point are relative to the highest mRNA
level in the wild-type strain. Symbols: , wild-type; , rad2; , rad2 E794A; , rad2C.
ever, occurred in the rad2 E794A strain (Figures 5B and PUR5, a gene that encodes IMP dehydrogenase. The
induction of PUR5 transcription, however, is greatly re-5C). 6AU reduces intracellular GTP and UTP levels by
inhibiting the enzymes IMP dehydrogenase and orotidy- duced in the dst1 or the rpb2-10 mutant cells, deficient
in transcription elongation (Shaw and Reines, 2000).late decarboxylase, respectively. Following 6AU treat-
ment, wild-type yeast cells induce transcription of These and other observations have indicated that yeast
Cell
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cells respond to nucleotide deprivation by inducing the Discussion
transcription of genes involved in nucleotide biosynthe-
sis, and this induction is somehow coupled to efficient Requirement of RAD2 for Efficient Transcription
transcription elongation (Shaw and Reines, 2000). While Here, we use the yeast system to identify the involve-
the levels of PUR5 mRNAs increased in wild-type cells ment of RAD2 in transcription. The inducible transcrip-
treated with 6AU for up to 1 hr, and also in the rad2 tion of GAL7 and GAL10 is reduced in the rad2 strain.
E794A mutant, little or no increase was evident in simi- The rad2 strain exhibits enhanced sensitivity to 6AU,
larly treated rad2C or rad2 mutant cells (Figures 5B and transcription of GAL7 and GAL10 genes is greatly
and 5C). The steady-state levels of STE3 mRNAs also reduced in rad2 cells grown in 6AU compared with
increase in the wild-type or rad2 E794A mutant cells wild-type cells treated similarly. The increased 6AU sen-
treated with 6AU for 1 hr, but not in the rad2C or rad2 sitivity and the transcriptional defects observed in the
mutant cells (Figures 5B and 5C). Thus, transcription is rad2 mutant are specifically due to inactivation of
impaired in the rad2C mutant similar to that in the RAD2 and not due to defects in NER, as inactivation of
rad2 strain, whereas the rad2 E794A mutation has no other NER genes, such as RAD1 and RAD14, incurs no
adverse effect on this process. such defects. A C-terminal deletion mutation of RAD2
(rad2C), which resembles a mutation in XPG that
Genetic Interaction of the rad2 Mutation causes CS, also renders yeast cells sensitive to 6AU and
with the dst1 Mutation Defective transcription is inhibited in this mutant in the presence of
in Transcription Elongation 6AU, and the severity of both of these phenotypes in
Our observations, that 6AU sensitivity is enhanced and the rad2Cmutant is similar to that in the rad2mutant.
transcription is reduced in 6AU-treated rad2 cells and
that a further increase in 6AU sensitivity and a much RAD2 and RAD26 Provide Alternate Means
greater decline in transcription occurs in the rad2 of Efficient Transcription
rad26 double mutant than in the rad2 and rad26 Although the inducible transcription of GAL7 and GAL10
single mutants, are all consistent with a role of RAD2 genes is reduced in both the rad2 and rad26 strains,
in transcription elongation. However, to provide further the rad2 rad26 double-mutant strain displays a much
support for the possible involvement of RAD2 in tran- more severe reduction in transcription than either of the
scriptional elongation, we examined the genetic interac- single mutants. Both the rad2 and the rad26 muta-
tion of the rad2 mutation with the dst1 mutation, tions confer 6AU sensitivity; 6AU, however, is less inhibi-
where a defect in transcription elongation has been es- tory to the rad26 mutant than to the rad2 mutant.
tablished from in vitro studies with the purified TFIIS Transcription of the GAL7 and GAL10 genes is also
protein using an oligo(dC)-tailed DNA substrate (Christie adversely affected in both the rad26 and rad2 strains
et al., 1994; Powell and Reines, 1996) and from in vivo grown in 6AU and consistent with the more severe
genetic studies (Lennon et al., 1998). growth inhibition of the rad2 strain in the presence of
First, we compared the effect of 6AU on growth in the 6AU; 6AU is more inhibitory to transcription in the rad2
rad2, dst1, and rad2dst1mutant strains. As shown strain than in the rad26 strain. The rad2 rad26 strain
in Figure 6A, at the lower 6AU concentration used in exhibits a greater 6AU sensitivity than either of the single
this experiment (25 g/ml), the rad2 strain displays a mutants, and the transcription of the GAL7 and GAL10
very slight inhibition of growth, whereas a higher level genes is almost abolished in the 6AU-treated rad2
of growth inhibition is seen in the dst1 strain. In striking rad26 cells. The synergistic decline in transcription
contrast, the rad2 dst1 cells displayed a drastic inhi-
observed in 6AU-treated rad2 rad26 cells implies that
bition of growth, consistent with a synergistic increase
RAD2 and RAD26 promote efficient transcription via
in 6AU sensitivity in the presence of both the mutations.
alternate pathways.Next, we examined the induction of PUR5 in 6AU-
treated rad2, dst1, and rad2 dst1 mutant strains.
Growth Impairment upon InactivationWe chose PUR5 for this analysis because yeast mutants
of the RAD2 and RAD26 Genesthat are defective in transcription elongation fail to fully
The involvement of the RAD2 and RAD26 genes in Polinduce PUR5 in response to 6AU, whereas mutations
II-dependent transcription suggested that growth im-that confer 6AU sensitivity but do not affect transcription
pairment might ensue upon the inactivation of theseelongation are competent to induce PUR5 transcription
genes, particularly under conditions requiring the syn-when challenged with 6AU (Shaw and Reines, 2000). As
thesis of new mRNAs. Consistent with such a possibility,shown in Figure 6B, at the 25 g/ml 6AU concentration
recently we presented evidence that, in fact, a reductionused, the level of PUR5 induction was reduced in the
in growth occurs when the rad26 mutant is transferred30 min and 1 hr samples from the rad2 strain, and a
from glucose to lactate medium (Lee et al., 2001). Wegreater inhibition of PUR5 induction was seen in the
show here that growth is affected also in the rad2 straindst1 strain at these and subsequent time points. By
upon transfer to lactate medium, and quite strikingly,contrast, a synergistic decline in PUR5 transcript levels
almost a complete cessation of growth occurs in theoccurred in the rad2 dst1 strain compared with the
rad2 rad26 strain upon transfer to this medium. More-levels in the rad2 and dst1 strains. For example, com-
over, although there is no perceptible effect of the rad2pared to the level at 0 min, PUR5 transcript levels rise
or rad26 mutation on growth in glucose medium, a4-fold and 2-fold, respectively, in the rad2 and dst1
severe reduction in growth occurs in the rad2 rad26strains treated with 6AU for 2 hr; by contrast, PUR5
double mutant even in this medium. From these obser-transcript levels declined8-fold in the similarly treated
rad2 dst1 strain (Figures 6B and 6C). vations, we infer that transcriptional defects in the rad2
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Figure 6. Synergistic Inhibition of Growth and Transcription in 6AU-Treated rad2 dst1 Cells
(A) Growth on 6AU. Wild-type and mutant cells were grown on YPD plates, then diluted and plated on SC medium lacking uracil in the absence
(6AU) or presence (6AU) of 25 g 6AU per ml.
(B) Steady-state mRNA levels of PUR5 in wild-type and mutant cells treated with 6AU. Cells grown to log phase at 30C in SC medium lacking
uracil were diluted in identical fresh medium to an OD600 of 0.5, and 6AU was added immediately to reach a final concentration of 25 g/ml.
Samples were removed at the indicated time points after the addition of 6AU. The ethidium bromide-stained gel on the right indicates the
levels of RNAs loaded.
(C) Quantitation of PUR5 mRNA in the presence of 6AU. mRNA levels at each time point are relative to the highest mRNA level in the wild-
type strain. Symbols: , wild-type; , rad2; , dst1; , rad2 dst1.
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and rad26 strains lead to growth defects, and the se- that parallel the transcriptional defects lead us to pro-
pose that transcriptional defects are the primary causevere growth defects of the rad2 rad26 double mutant
derive from the drastic inhibition of transcription that of the growth and developmental defects in XPG/CS
and CSB patients.occurs in this mutant strain.
Cockayne Syndrome Is a Transcriptional DiseasePossible Role of Rad2 in Transcription
Cockayne syndrome is associated with mutations in theOur observations that transcriptional defects increase
CSA, CSB, XPB, XPD, and XPG genes. XPB and XPDsynergistically when the rad2 mutation is combined
are the DNA helicase subunits of TFIIH, and geneticwith mutations in genes encoding transcription elonga-
studies in yeast with the rad3 and rad25 temperature-tion factors such as Rad26 and TFIIS suggest a role
sensitive mutants have indicated the requirement offor Rad2 in transcription elongation. A role for CSB in
Rad3 and Rad25 proteins for the transcription of a largetranscription elongation has been indicated from in vitro
variety of mRNAs (Qiu et al., 1993; Guzder et al., 1994a,studies with the purified protein (Selby and Sancar,
1994b). Thus, subtle defects in transcription could be1997a), and genetic studies in yeast have provided evi-
the cause of CS resulting from mutations in the XPB ordence consistent with such a role for the RAD26 gene
XPD genes, and these mutations may hamper TFIIH(Lee et al., 2001). In addition, we provide evidence for
function in transcription initiation. Consistent with this,the genetic interaction of Rad2 with TFIIS, for which a
TFIIH isolated from cells of two XPB/CS patients dis-role in transcription elongation has been established
played a lower transcription activity in vitro than wild-from extensive biochemical (Christie et al., 1994; Powell
type TFIIH, and these XPB/CS mutations affected theand Reines, 1996) and genetic studies (Lennon et al.,
promoter opening function of TFIIH (Coin et al., 1999).1998). In yeast, the inability to fully induce PUR5 in re-
The involvement of Rad2 and Rad26 in promotingsponse to 6AU treatment strongly correlates with muta-
efficient transcription in yeast suggests that XPG andtions defective in transcription elongation, whereas
CSB function similarly in humans. As in yeast, these two6AU-sensitive strains deleted for genes that do not af-
pathways may contribute differentially to transcriptionalfect transcription elongation are competent to induce
efficiency in humans, in which case, the severity of phe-PUR5 (Shaw and Reines, 2000). Here, we show that a
notypes in the absence of XPG or CSB could differ. Insynergistic decline in PUR5 transcription occurs in 6AU-
humans, the more severe early onset CS cases havetreated rad2 dst1 cells. Although the synergistic inhi-
been identified with mutations in XPG (Nouspikel et al.,bition of transcription in 6AU-treated rad2 rad26 and
1997), whereas mutations in CSB produce less severerad2 dst1 cells is consistent with a role of Rad2 in
CS (Nance and Berry, 1992). Also, XPG-deficient micetranscription elongation, more direct biochemical exper-
suffer from postnatal growth failure and die by 23 daysiments will be required to determine whether Rad2 in-
postpartum, and primary embryonic fibroblasts isolateddeed functions in this process.
from XPG-deficient mice undergo premature senes-
cence and exhibit accumulation of p53 and early onsetCockayne Syndrome and Transcription-Coupled
of immortalization (Harada et al., 1999). On the otherDNA Repair
hand, CSB-deficient mice are viable and they exhibitBased upon the observation that TCR of oxidative le-
mild growth disturbance with some neurological dys-sions, thymine glycol, and 8-oxoguanine (8-oxoG) oc-
functioning and deafness (van der Horst et al., 1997).curs normally in cells from XP patients that show defects
The association of more severe CS phenotypes within NER but is defective in cells from CSB, XPB/CS, XPD/
XPG both in mice and humans suggests a more promi-CS, and XPG/CS patients, the proposal has been ad-
nent role for XPG than for CSB in transcription, and thevanced that CS results from defects in TCR of such
greater inhibition of growth and transcription that weoxidative lesions. Although defective TCR of oxidative
observe in the rad2 strain in the presence of 6AU thanlesions could contribute to the phenotypes associated
that in the rad26 strain is consistent with such an in-with CS, particularly if the lesions in the arrested tran-
ference.scription complex are refractory to repair (Le Page et
al., 2000), the fact that a multiplicity of pathways exist
Experimental Proceduresfor the removal of oxidative lesions such as 8-oxoG and
thymine glycol makes it rather unlikely that such lesions Strains and Media
will persist in DNA long enough to cause a significant In this study, the wild-type strain EMY73 (MATa his3-1 leu2-3,-112
trp1) and its isogenic derivative strains EMY75, YR2.49, pLP9-1,block to transcription. The view that oxidative DNA le-
YR2.70, YR26.1, YR1.62, YR14.42, YRP127, and YR2-40, which carrysions are efficiently removed by a multitude of repair
the rad2, rad2 rad26, rad2C, rad2 E794A, rad26, rad1,processes, and therefore are unlikely to cause a signifi-
rad14, dst1, and rad2 dst1mutations, respectively, were used.cant block to transcription, is also supported from the
Plasmids pKM55, pLP9, pYERCC6.8, pR1.6, pR14.4, and pPM666
lack of any hypersensitivity of XPG-deficient mice cells were used for generating the rad2, rad2C, rad26, rad1, rad14,
to oxidative DNA-damaging agents such as X-rays and and dst1 deletions, respectively. The yeast URA3 gene blaster
(Alani et al., 1987) replaces nucleotides 129 to 2908 of the RAD2H2O2 (Harada et al., 1999). This observation implies that
open reading frame (ORF), nucleotides 57 to 3026 of the RAD26mammalian cells can handle even the additional load of
ORF, nucleotides 37 to 3211 of the RAD1 ORF, andoxidative lesions, inflicted upon DNA by treatment with
nucleotides 40 to 581 of the RAD14 ORF to generate the rad2,these agents, without any loss of viability.
rad26, rad1, and rad14 mutations, respectively.
Our observations that the Rad2 and Rad26 proteins The C-terminal deletion mutation of RAD2, rad2C, was generated
provide alternate means of efficient transcription and by integrating plasmid pLP9 (Higgins et al., 1984), which contains
the internal 2.0 kb BglII-EcoRI fragment of RAD2, into the yeastthat inactivation of these genes confers growth defects
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genome. This generates a duplication of the RAD2 gene in which Received: December 13, 2001
Revised: May 14, 2002one copy is missing the 5 portion of the gene and is nonfunctional,
and the other copy is lacking only the C-terminal 209 amino acids
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